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ABSTRACT 
Within the scope of this thesis, three different buildings designed according to the 2007 

Turkish Building Earthquake Earthquake (TBEC 2007) were evaluated using a 

nonlinear time history analysis method in accordance with the 2018 Turkish Building 

Earthquake Code (TBEC 2018). Earthquake record was utilized based on the 

Kahramanmaraş Earthquake with a magnitude of 7.8, which occurred on February 6, 

2023, in the Pazarcık district of Kahramanmaraş province. For nonlinear behavior 

model, fiber section models representing distributed plastic behavior were adopted in 

the plastic hinge regions of all columns and shear walls in all three buildings, while 

lumped plastic hinge models were used for the plastic hinge regions of beams. Based 

on these assumptions, the strain demands of the concrete and reinforcement fibers in 

the plastic regions of column and wall elements were compared with the deformation 

capacities of the respective elements. Similarly, the plastic rotation demands of the 

beams were compared with their plastic rotation capacities to complete the evaluation 

related to nonlinear ductile behavior. The evaluation of brittle behavior was carried out 

by comparing the strength demands and strength capacities of all structural system 

elements that transfer earthquake loads. In addition, global structural behavior 

parameters such as base shear forces, inter-story drifts, and roof displacement were 

also assessed. Furthermore, the mechanisms and proportions by which the earthquake 

energy imposed on the building was dissipated within the structural elements and the 

structural system as a whole were investigated. In summary, this study examined how 

three different buildings with similar plan geometries but different vertical structural 

members responded to the same earthquake record. 
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ÖZET 
Bu tez çalışması kapsamında, Deprem Bölgesinde Yapılacak Binalar Hakkında 

Yönetmelik 2007 esaslarına göre tasarlanmış 3 farklı bina, zaman tanım alanında 

doğrusal olmayan çözüm yöntemi ile Türkiye Bina Deprem Yönetmeliği 2018 

esaslarına göre değerlendirilmiştir. Deprem kayıtları için 6 Şubat 2023 tarihinde 

Kahramanmaraş İli, Pazarcık İlçesinde 7.8 büyüklüğünde gerçekleşen 

Kahramanmaraş Depremi esas alınmıştır. Doğrusal olmayan davranış modeli için her 

üç binada da tüm kolon ve perdelerin plastik şekil değiştirme bölgelerinde yayılı 

plastik davranışa karşılık gelen kesit hücresi lif modeli kabulü yapılırken, kirişlerin 

plastik şekil değiştirme bölgelerinde ise yığılı plastik davranış modeline karşılık gelen 

plastik mafsal kabulü yapılmıştır. Bu kabullere göre kolon ve perde elemanlarının 

plastik şekil değiştirme bölgelerindeki beton ve donatı liflerinin birim şekil değiştirme 

talepleri, ilgili elemanların şekil değiştirme kapasiteleri ile karşılaştırılmıştır. 

Kirişlerin plastik dönme kapasiteleri ise yine aynı elemanların plastik dönme 

kapasiteleri ile karşılaştırılarak doğrusal olmayan sünek davranışa ilişkin 

değerlendirme tamamlanmıştır. Gevrek davranışa ilişkin değerlendirme ise deprem 

yükü aktaran tüm taşıyıcı sistem elemanları için dayanım kapasiteleri ile dayanım 

taleplerini karşılaştırarak tamamlanmıştır. Bununla birlikte taban kesme kuvvetleri, 

katlar arası göreli kat ötelemeleri ve tepe deplasmanı gibi yapıların global 

davranışlarına ilişkin sonuçlar da değerlendirilmiştir. Ayrıca yapısal elemanlarda ve 

yapısal sistemin bütününde binaya gelen deprem enerjisinin hangi mekanizmalarla ne 

oranda sönümlendiği de irdelenmiştir. Özetle, bu çalışma sayesinde farklı düşey 

taşıyıcı yerleşimine sahip benzer plan geometrisindeki üç farklı yapının aynı deprem 

kaydı altında nasıl bir davranış gösterdiği incelenmiştir.  
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1. INTRODUCTION 

1.1. Motivation of This Study 

In order to gain a deeper understanding of the Earth's internal structure, various 

geological and geophysical studies have long been conducted. As a result of these 

studies, a model of the Earth's structure has emerged, supported by the data obtained 

from these investigations. According to this model, the first layer along the path toward 

the Earth's core is the lithosphere, which is approximately 70–100 km thick. All 

geological events, such as earthquakes, occur within this layer. The layer located 

between the lithosphere and the core, which is about 2,900 km thick, is called the 

mantle.  

In the lower part of the lithosphere lies the asthenosphere, also known as the soft upper 

mantle layer. Due to convection currents in this region, the lithosphere experiences 

fragmentation and breaks into pieces. Each of these fragments is referred to as a 

tectonic plate. The reason for the formation of convection currents is the high thermal 

energy released by radioactive decay occurring in the core region. As these convection 

currents rise, they cause stress in the lithosphere, which eventually leads to the 

fracturing of weaker zones and the division of the lithosphere into plates. The 

boundaries where tectonic plates that form the Earth's crust exert stress on one another 

are regions where earthquakes are frequently observed. When the stress between plates 

reaches a critical level in other words, when the friction between them is overcome 

deep, shock-like tremors can occur, spreading over hundreds of kilometers. The 

fractures that form between these two plates are called faults. 

Due to its geographical location, our country is situated between the Eurasian Plate to 

the north and the Arabian Plate to the south. A significant portion of our territory lies 

within the region known as the Anatolian Plate. The boundary between the Eurasian 

Plate and the Anatolian Plate is known as the North Anatolian Fault, while the 

boundary between the Anatolian Plate and the Arabian Plate is referred to as the East 

Anatolian Fault.  
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Due to the geological reasons mentioned above, earthquakes classified as severe are 

frequently experienced in Turkey. In this study, the nonlinear behavior of three 

different buildings is evaluated based on the results of parametric models developed 

using the records of the February 6, 2023 Kahramanmaraş earthquake, which is one of 

these significant seismic events. The main objective of this thesis is to assess whether 

the essential requirements expected from a structure and its structural elements such 

as adequate strength, sufficient ductility, and sufficient stiffness are provided.  

1.2. Literature Research 

In this section, torsional irregulariy, moment curvature, reinforced concrete wall frame  

and reinforced concrete moment frame  academic studies discussed.  

Semih S. Tezcan and Cenk Alhan selected a typical model building to investigate the 

effects of torsion on the moment and shear values of vertical structural elements. In 

this study, the positions of the shear wall elements were altered, and the modified plan 

type was analyzed for buildings with different story numbers. Based on a limited 

number of parametric analyses, the study recommends increasing the lower bound of 

the torsional irregularity coefficient to h = 1.4, while reducing the upper bound to h = 

1.8 [12]. 

Gamal Hussein, Nasr Eid, and Hussein Khaled investigated the torsional irregularity 

behavior of various irregular buildings using simplified analysis, examining the impact 

of different levels of irregularity on buildings designed for seismic loads. The study 

concluded that buildings with severe irregularities deformed more due to torsional 

behavior compared to those with regular or less irregular configurations [13]. 

Adarsha A and Rajeeva S V evaluated the effects of torsion in buildings by analyzing 

five types of structures with different peripheral areas, where the locations of shear 

walls were varied for each plan type. The study concluded that when shear walls are 

symmetrically placed in both directions, the performance of the structure under 

dynamic lateral loads such as earthquakes and wind is significantly higher compared 

to that of other irregular structures. [14]. 

Ahmad Sheikh Abdallah and Safwan Chahal conducted structural analyses for two 

different systems a moment-resisting frame and a shear wall-frame system on two 

buildings with 8 and 12 stories located in specific seismic zones in Lebanon. Global 
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behavior parameters such as seismic response, time period, and maximum inter-story 

drift were evaluated. The results of the study indicated that the shear wall-frame system 

was more advantageous in terms of cost and lateral load resistance [15].   

Anas Abou Lteaf conducted parametric modeling for both moment-resisting frame 

systems and shear wall-frame systems to understand the differences in structural 

behavior between the two types of buildings. The results of the analyses, including 

displacements and vibration modes, were compared, and findings related to stiffness 

and ductility were evaluated. It was concluded that systems composed solely of frames 

exhibit higher plastic deformations due to large displacements, and the positive impact 

of placing symmetrically distributed shear walls with adequate strength on structural 

performance was highlighted [16].   

Saeid Foroughi and S. Bahadır Yüksel defined various reinforced concrete beam 

models with different parameters to investigate nonlinear moment-curvature 

relationships. The analytically examined parameters were calculated based on the 

provisions of TBEC (2018), ACI 318 (2014), ASCE/SEI 41 (2017), Eurocode 2 

(2004), and Eurocode 8 (2004, 2005), as well as moment-curvature relationships. The 

aim of the study was to compare the effective section stiffness coefficients obtained 

from the analyses with those prescribed for reinforced concrete elements in different 

design codes. The results showed that for reinforced concrete beams with a constant 

tensile reinforcement ratio and concrete strength, an increase in the compression 

reinforcement ratio leads to higher values of the effective stiffness coefficient. In 

beams with constant tensile and compression reinforcement ratios, increasing concrete 

strength also increases the effective stiffness coefficient. It was demonstrated that the 

compression reinforcement ratio significantly influences the maximum moment 

capacity, effective flexural stiffness, effective stiffness coefficient, and ductility of the 

sections in reinforced concrete beams [17].   

Iftekhar Anam and Zebun N. Shoma investigated the nonlinear behavior of reinforced 

concrete structures under static and dynamic loads. This nonlinearity was defined as 

geometric and material nonlinearity. Moment-curvature analysis was employed for 

beams. For dynamic analyses, the El Centro earthquake (1940) in the United States 

and the Kobe earthquake (1995) in Japan were used. The responses and internal force 

effects obtained from the dynamic analyses were found to be similar, with only minor 

differences [18]. 
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In their 2015 study, Hüseyin Kasap, Necati Mert, Ezgi Sevim, and Begüm Şeber aimed 

to examine and compare the distribution of loads acting on structural elements in frame 

systems and shear wall-frame systems. The study involved varying the dimensions of 

columns and the locations of shear walls within the structural system. The mode 

superposition method was used for both static and dynamic analyses of the models. 

The results indicated that shear wall-frame systems are more rigid compared to frame 

systems, and that the majority of story shear forces are resisted by the shear walls. 

Additionally, it was observed that in shear wall-frame systems, structural behavior 

leads to significantly lower internal force demands on the frame elements [19]. 

Chetan Jaiprakash Chitte conducted a comparative analysis to understand the impact 

of irregularities on the capacity and ductility of structures. Pushover analysis was 

performed on four buildings with regular plan geometries. The results revealed that 

irregularities can cause differences of up to 40% in the structural behavior of buildings 

[20]. 

Shen and Akbaş (1999), in their collaborative study, proposed an energy-based design 

approach by predicting energy input and hysteretic energy in low, medium, and high-

rise steel frame systems. Additionally, the study suggested that using single-degree-

of-freedom systems for predicting the energy input of multi-degree-of-freedom 

systems may not be accurate [21]. 

1.3. Scope and Content 

Within the scope of this study, three different types of buildings were analyzed using 

a nonlinear time history analysis method. Earthquake records from the 2023 

Kahramanmaraş earthquake were used for the time-domain analyses. The nonlinear 

analyses were conducted using the ETABS v21 software.  

Chapter 1 presents the definition, scope, and content of the problem addressed in this 

study, along with a review of the relevant literature. Chapter 2 provides the theoretical 

background related to the concepts involved in the study, while Chapter 3 outlines the 

methodology and roadmap to be followed in the research. Chapter 4 evaluates the 

results of the analyses, and Chapter 5 offers an assessment and discussion of these 

results.
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2. SEISMIC DESIGN FOR EARTHQUAKE 

EFFECT 

In this section of the thesis, information will be provided about the following topics: 

• Analysis methods in structural design 

• Energy based design 

2.1. Analysis Methods 

The structural design approach has undergone significant changes from past to present, 

especially in recent years with the advancement of software and hardware 

technologies. The development of these technologies, along with the increased 

availability of experimental data compared to the past, provides designers with the 

ability to create more realistic models. In structural design, analysis methods are 

categorized under subheadings as linear and nonlinear static and dynamic analysis 

methods. In static analysis, loads are applied to the building either slowly or as 

stationary forces, and it is assumed that the load does not change with time. Concepts 

such as sudden acceleration, vibration, and damping are not considered as parameters 

in this method. The analysis is completed by establishing equilibrium equations for 

this loading condition. In contrast, in dynamic analysis, the load varies with time. This 

method is especially considered for systems subjected to time-dependent loads such as 

earthquakes, wind, machinery-induced vibrations, and sudden explosion forces. In this 

analysis approach, parameters related to the dynamic characteristics of the building, 

such as vibration and damping, are taken into account. Below are the characteristic 

differences between these two methods, outlined under specific headings.  

Static analysis:  

• Loads are constant or applied slowly enough 

• Loads do not vary with time 

• The analysis is simpler and can be completed in a shorter time 

• Deformations and internal forces are obtained 

Dynamic analysis: 

• Loads vary with time, and sudden loadings are also considered 
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• Applicable for all types of loading that can be defined as dynamic loads 

• The analysis is more complex compared to static analysis 

• Parameters such as vibration, resonance, and damping are taken into account 

• Similar to static analysis, deformations and internal forces can be obtained 

In linear analysis, the force–displacement relationship in the structure and its elements 

is linear, whereas in nonlinear analysis, this relationship is not linear. Below are the 

characteristic differences between these two methods, outlined under specific 

headings. 

Lineer analysis: 

• The stress–strain relationship of materials is linear 

• System stiffness is assumed to be constant 

• Support conditions and connections are considered ideal 

• Calculations are less complex and are completed more quickly compared to 

nonlinear analysis 

• Useful for preliminary design and initial sizing in structural design 

• Does not fully reflect the actual behavior 

• May produce results that deviate from actual behavior in cases where stresses 

and displacements reach high values 

Nonlinear analysis:  

• The stress–strain relationship of materials is nonlinear 

• System stiffness is not constant; it decreases under cyclic loading 

• Support conditions and connections are not ideal; deformations related to 

plastic behavior are especially considered in support regions. 

• Calculations are more complex and take longer time to complete compared to 

linear analysis 

• It allows for the examination of limit states such as load-bearing capacity and 

collapse mechanisms in structural design 

• It reflects the actual behavior of the structure more accurately compared to 

linear analysis 

 

 



7  

2.1.1. Linear Analysis Methods 

According to the 2018 Turkish Building Earthquake Code (TBEC), three different 

methods are considered under linear analysis for defining earthquake loads. These 

methods are listed below. [2].  

• Equivalent Lateral Force Method (ELF) 

• Mode Superposition Method 

• Mode Combination Method 

In the Equivalent Earthquake Load Method, dynamic earthquake loads acting on a 

building are converted into an equivalent static load and applied to the structure as a 

static force (Figure 2.1). All internal forces and displacements are determined based 

on this linear static load assumption. Although this method is considered the most basic 

approach for accounting for earthquake loads, it can still be used for buildings of 

certain heights and with specific levels of irregularity. According to the 2018 Turkish 

Building Earthquake Code (TBEC), this method is applied based on equation 2.1 [2].     

 

𝑉𝑡𝐸𝑥 = 𝑚𝑡 × 𝑆𝑎𝑅 × (𝑇𝑝𝑥 ) ≥ 0.04 × 𝑚𝑡 × 𝐼 × 𝑆𝐷𝑆 × 𝑔               (2.1) 

 

 

Figure 2.1: Equilvalent leteral force method [2]. 

 

In the Mode Superposition Method, the building is analyzed separately for each 

vibration mode. To compute the mode shape vectors, an eigenvalue analysis is first 

performed to determine the eigenvectors of the structure. These eigenvectors represent 

the shapes that show how the structure vibrates in each mode. In general terms, these 
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mode shape vectors can be defined as vector quantities that describe how a structure 

vibrates in each individual mode. Regardless of how complex the dynamic response 

of a structure may seem, the actual behavior is essentially a combination of the 

contributions from each vibration mode of that structure. The equation used to obtain 

the mode shape vectors for each mode is referred to as the free vibration equation. For 

each mode, spectral acceleration, shear force, and displacement values are calculated 

and then combined using specific statistical methods to determine the total effect 

(Figure 2.2). These statistical methods are defined as SRSS (Square Root of the Sum 

of Squares) and CQC (Complete Quadratic Combination). The SRSS method is 

defined as the square root of the sum of the squares of any quantity obtained for each 

mode. While CQC can be used in all types of modal analysis, it provides more accurate 

results than SRSS when the vibration modes are closely spaced. 

[M]ü(t) +  [K]u(t) = 0                                            (2.2) 

 

𝑆𝑅𝑆𝑆 → 𝑅 = √R1 2 + R2 2 + R3 2 + ⋯ + R𝑛 2                        (2.3)      

 

                      𝐶𝑄𝐶 → 𝑅 = √∑ ∑ 𝑅ᵢ𝑅ⱼ⍴ᵢⱼ𝑛
𝑗

𝑛
𝑖                                        (2.4) 

                        𝐶𝑄𝐶 → ⍴ᵢⱼ =
8𝜁(1 + 𝑟)𝑟

3
2

(1 + 𝑟2)2 + 4𝜁2𝑟(1 + 𝑟2)
                               (2.5) 

 

                       𝐶𝑄𝐶 → 𝑟 =
𝜔ⱼ

𝜔ᵢ
                                                 (2.6) 

 

 

Figure 2.2: Modal superposition method physical interpretation [2]. 

 

In the Time History Modal Superposition Method, the dynamic equilibrium equation 

is directly solved based on actual or simulated earthquake records. For each mode of 
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the building, the time-dependent variation of typical modal response quantities such 

as displacement, inter-story drift, and internal force components is calculated. Since 

the response quantities of each mode are included simultaneously with their respective 

phase differences, there is no need to combine these results using statistical methods, 

as is required in the standard Mode Superposition Method.  

2.1.2. Nonlinear Analysis Methods 

The nonlinear analysis methods defined in TBEC 2018 (Turkish Building Earthquake 

Code) are listed below [2]. 

• Single-Mode Pushover Methods (Constant and Adaptive Single-Mode 

Pushover Methods) 

• Multi-Mode Pushover Methods 

• Nonlinear Time History Analysis Method 

Pushover methods are generally classified as nonlinear static analysis methods. In 

these methods, earthquake loads are applied to the structure as equivalent static loads. 

The load–displacement relationship in the structural system is nonlinear. After 

defining the inelastic deformation behavior in the model, displacements corresponding 

to increasing earthquake loads are calculated. Once the target performance point is 

reached, deformation demands related to ductile behavior and internal force demands 

corresponding to brittle behavior are checked (Figure 2.3). In the Conventional 

(Constant) Single-Mode Pushover Method, earthquake load increments applied to the 

stories in each pushover step are defined in proportion to a fixed mode shape 

determined in the first step after applying non-seismic loads and kept unchanged 

throughout the pushover analysis. In the Adaptive Single-Mode Pushover Method, 

earthquake load increments applied to the stories and the corresponding displacement 

increments are defined proportionally to an updated mode shape. This updated shape 

is obtained from a new free vibration analysis considering the plastic hinges that have 

formed in each step after applying non-seismic loads. Multi-Mode Pushover Analysis 

is a more advanced version of the single-mode pushover method. It is used particularly 

for irregular, tall buildings or those with significant torsional irregularities where 

higher mode effects are important in understanding actual behavior. In this method, 

the eigenvalue problem is first solved to obtain mode shape vectors and periods for 

each mode. Then, separate pushover analyses are conducted for each mode, and 
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demands are determined. These results are then combined using certain statistical 

methods to derive the final outcomes. 

 

 

Figure 2.3: Ideal pushover curve [2]. 

 

Nonlinear time history analysis corresponds to the step-by-step direct integration of 

the set of differential equations that represent the equations of motion of the structural 

system under earthquake ground motion, using time increments. During this process, 

the time-dependent variation of the system stiffness matrix is considered due to 

nonlinear behavior. The equation of motion for the structural system, in its most 

general form, is given by equation 2.7. 

                               [M]ü(t) + [C]̇ u˙(t) + [K]u(t) = P(t)                            (2.7) 

In this equation, [M]ü(t) represents the inertial forces, [C]u˙(t) represents the damping 

forces and [K]u(t) represents the stiffness forces, while P(t) denotes the external load 

acting on the system. Mass, damping, and stiffness are defined in matrix form, whereas 

acceleration, velocity, and displacement are vector quantities.  

2.2. Nonlinearity Types  

Types of nonlinear behavior in structural systems are defined under the following 

categories. When a structure is subjected to strong ground motion, such as during an 

earthquake, it exhibits nonlinear behavior that incorporates all three types of 

nonlinearity listed below. Under strong ground motion, these three types of 

nonlinearity are key parameters that govern the nonlinear response of the structure.   
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• Geometric Nonlinearity 

• Materail Nonlinearity 

• Boundary Conditions  

Geometric nonlinearity refers to conditions in which displacements and rotations 

within the system cause significant changes relative to the system’s original 

equilibrium configuration. This condition is often neglected in structural analysis and 

design; however, its impact becomes significant in structures with slender members, 

stiffness issues, or in tall buildings. In analyses where geometric nonlinearity is not 

considered, the stiffness matrix of the system remains constant. In contrast, when 

geometric nonlinearity is taken into account, the stiffness matrix varies at each step of 

the analysis. This is because, after deformations occur, the equilibrium equations must 

be re-established based on the deformed configuration of the system, meaning that the 

deformed structure is no longer geometrically identical to the original structure. In 

summary, the stiffness matrix becomes dependent on displacements and rotations. You 

can see Figure 2.4 a typical example of geometric nonlinearity in structural elements 

is the P-Δ effect.   

 

 

Figure 2.4: Typical P-Δ effect [2]. 

 

In material nonlinearity, Hooke's Law is no longer valid for the material's load-

deformation graph. In other words, this relationship does not exhibit linear behavior. 

This typically occurs when ductile materials reach their yield point or when brittle 

materials experience cracking, crushing, or failure. In reinforced concrete structures, 

steel and concrete work together as a composite within the structural element. As is 

well known, concrete is a brittle material, while steel is ductile. When these two 



12  

materials act together, the resulting structural element is expected to exhibit a certain 

degree of ductile behavior. Therefore, the material behavior models and the manner in 

which reinforcement is placed within the cross-section have a significant impact on 

the overall ductile performance of the structure.  

By nature, concrete is a heterogeneous material, and in all modern design codes, its 

tensile strength is assumed to be zero. On the other hand, concrete exhibits high 

strength under compressive loading. In Section 5.A.1 of the 2018 Turkish Building 

Earthquake Code (TBEC), a graphical representation (Figure 2.5) of confined and 

unconfined concrete behavior is provided below [2].  

 

 
 

Figure 2.5: TBEC 2018 Confined and unconfined concrete model graph [2]. 

  

A visual representation of a reinforced concrete section containing both confined and 

unconfined concrete areas is shown in Figure 2.5. According to Figure 2.5, the area 

defined as the concrete cover in a reinforced concrete section is considered unconfined 

concrete, as it does not include transverse reinforcement. On the other hand, the core 

concrete area enclosed by the transverse reinforcement is defined as confined concrete.  
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Figure 2.6: TBEC 2018 Confined and unconfined concrete areas [2]. 

 

Steel exhibits a behavior different from that of concrete. Unlike concrete, steel does 

not behave as a brittle material. It is a ductile material that responds similarly under 

both tensile and compressive forces. In Section 5.A.1 of the 2018 Turkish Building 

Earthquake Code (TBEC), the stress–strain curve of steel (Figure 2.7) and a table 

showing the strain limits for steel material classes (Table 2.1) used in reinforced 

concrete structures are provided [2]. 

 

Table 2.1: Rebar properties [2]. 

 
 

Figure 2.7: TBEC 2018 steel deformation limits table and graph [2]. 
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Boundary nonlinearity arises when supports and connection points do not exhibit 

linear behavior. Theoretically, in a fixed (clamped) support, the rotation at the support 

point is zero, while in a simple support, the moment resulting from any deformation is 

zero at the end point. However, in actual behavior, a theoretically fixed support cannot 

possess infinite rigidity. Just as a hinge support can have a certain moment-carrying 

capacity, a fixed support also exhibits some degree of rotational flexibility. Under 

strong ground motion, supports may not respond linearly to applied loads and 

displacements. Springs and dampers that do not exhibit linear behavior are examples 

of this type of nonlinearity. 

2.3. Hinge Definitions  

According to the 2018 Turkish Building Earthquake Code (TBEC), two types of hinge 

definitions are prescribed for nonlinear analysis models: lumped plasticity and 

distributed plasticity behavior at the cross-sections [2].  

According to the Lumped Plasticity Model, plastic deformations are concentrated in 

specific regions of finite length within the structural elements, and these regions are 

defined as the parts where the internal forces reach their plastic deformation capacities. 

This finite length is generally taken as half of the effective cross-section length of a 

structural element exhibiting flexural behavior in the relevant direction. It is assumed 

that all inelastic deformations occur within these finite regions, while the rest of the 

structural element behaves entirely elastically. The moment-curvature relationship is 

used to derive the input data for the lumped plasticity behavior. According to TBEC 

2018, the lumped plasticity model can be used for all frame (bar) elements such as 

columns and beams, but it is not applicable to shell elements. Figure 2.8 schematically 

illustrates the plastic hinge zones of a beam element subjected to simple bending. 

 

 

Figure 2.8: Plastic hinge zones for RC beam [2]. 
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Curvature is defined as the rotation angle per unit length. For a beam element with an 

elastic curve, it is obtained by dividing the angle between any two cross-sections along 

the span of the beam by the length of the neutral axis between those sections. Rotation 

refers to the angle between these two deformed sections. In structural design 

calculations, the rotation value is expressed in radians, while the curvature value is 

given in rad/m. A simple cantilever beam, when deformed, will exhibit the type of 

deformation shown in Figure 2.9.  

The Bernoulli-Navier Hypothesis is a fundamental assumption used in structural 

mechanics, especially for beams where shear deformations can be neglected. 

According to this hypothesis, cross-sections that are plane before deformation remain 

plane after deformation under bending behavior. When this hypothesis is considered 

in the analysis of a reinforced concrete beam, the normal stress distribution above and 

below the neutral axis of the cross-section is linear. This linearity simplifies the 

calculation of the section’s capacity and the placement of reinforcement, thereby 

facilitating the design process for engineers.  

 

 

Figure 2.9: Typical RC beam deformed shape for  curvature [2]. 
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Here, dΦ represents the curvature angle of the relevant section. The curvature formula 

is given in equation 2.8. 

𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 =
𝑑𝛷

𝑑𝑥
                                          (2.8)           

Moment-curvature analysis is a type of analysis that provides significant insight into 

the structural behavior of a reinforced concrete section. In a ductilely designed beam 

subjected to pure bending, cracking first occurs in the concrete of the tension zone as 

the moment increases. With continued loading, the reinforcement in the tension zone 

reaches its yield strength, and the section continues to rotate with almost no increase 

in moment. When the concrete in the compression zone is crushed, the section reaches 

its collapse point. If a section subjected to earthquake loading attempts to undergo this 

behavior cyclically and is properly reinforced for ductility, the structural element will 

respond with high ductility capacity. In this way, the moment capacity of the element 

is preserved, ensuring adequate strength, while the earthquake energy imposed on the 

section is dissipated through inelastic deformations. Figure 2.10 schematically 

illustrates the moment-curvature analysis of a reinforced concrete beam section. The 

results of this analysis can also be incorporated into calculations by applying 

appropriate linearization techniques.   

 

 

 

Figure 2.10: Typical moment-curvature graph for RC beam [2].  

 

In nonlinear analysis of structural systems using the lumped plasticity model, the yield 

curvature and ultimate curvature values are important for evaluating the results. The 

yield curvature is theoretically considered the point at which nonlinear behavior 

begins. The ultimate curvature, on the other hand, corresponds to the point at which 

the section reaches its full rotation capacity. The rotational deformations occurring 
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between these two curvature values represent the plastic rotation capacity of the 

section, during which significant plastic deformations can occur without a substantial 

reduction in strength. The rotation occurring up to the yielding of the first 

reinforcement in the section is considered elastic rotation. When evaluating analysis 

results, considering the relationship between curvature and rotation, the plastic rotation 

value is defined as shown in equation 2.9.  

𝜃𝑝 = (𝛷𝑢 − 𝛷𝑦) ∗ 𝐿𝑝                                          (2.9) 

In the distributed plasticity approach, the cross-section of a composite structural 

element—such as reinforced concrete, where steel and concrete act together—is 

defined using a fiber-based section model. Each of these individual components is 

referred to as a "fiber." The stress–strain relationships vary for each fiber type. For 

concrete fibers, the tensile components are typically not considered in the stress–strain 

diagram, whereas for reinforcement fibers, both tensile and compressive components 

are included. The fiber-based section model is used to more realistically represent the 

behavior of the cross-section under loading. According to the 2018 Turkish Building 

Earthquake Code (TBEC), there is no restriction on the use of fiber-based distributed 

plasticity models for columns, beams, and shear walls. [2]. Figure 2.11 schematically 

illustrates the fiber elements used for the cross-sectional analysis of a column element. 

 

 

Figure 2.11: Typical fiber hinge mesh figure for RC section [2]. 
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2.4. Frame, Frame+Shear Wall and Shear Wall Systems 

According to the 2018 Turkish Building Earthquake Code (TBEC), cast-in-place 

reinforced concrete systems can be classified in terms of their ability to resist seismic 

loads as shear wall systems, frame systems, and shear wall-frame systems, where both 

walls and frames share the transfer of seismic loads [2]. These systems, as also outlined 

in the same code, are subject to certain limitations based on seismic design categories 

and building height classes. They can be designed as limited ductility, high ductility, 

or composite systems.  

Frame systems are, in the most general sense, structural systems in which all 

earthquake loads are resisted by frames composed of columns and beams. Although 

these systems are widely used for resisting seismic forces, they generally have lower 

stiffness compared to shear wall or shear wall-frame systems, resulting in larger 

displacements. This necessitates designing frame systems with higher ductility. The 

main issues in frame systems include inter-story drift, second-order (P-Δ) effects, shear 

safety of beam-column joints, and potential stability problems associated with large 

displacements. Despite having lower stiffness, frames possess a greater ability to 

undergo plastic deformations without losing strength from a nonlinear behavior 

perspective. If a frame system is properly designed to avoid brittle failure—meaning 

no structural elements are prone to brittle damage—then ductile behavior will manifest 

clearly in the system. The key reason frame systems can undergo inelastic 

deformations without losing strength is their high degree of redundancy and the 

presence of multiple potential plastic hinge regions. Figure 2.12 schematically 

illustrates the possible plastic hinge locations in a frame system.  
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Figure 2.12: Expected plastic hinge locations for RC moment frame [2]. 

 

Shear wall-frame systems are generally used to limit the displacements of frame 

systems. As the number of stories in a building increases, displacements also tend to 

increase. If these displacements exceed permissible limits, brittle failures and second-

order (P-Δ) effects may occur. In such cases, shear walls play a role in increasing the 

stiffness of the system and mitigating these effects. When shear walls and frames are 

used together, the overturning moment caused by seismic loads is shared between the 

two systems—partially resisted by the walls and partially by the frames. The 

proportion of this moment shared between the walls and frames significantly affects 

the determination of the structural system behavior factor and the selection of ductility 

level. Compared to pure frame systems, shear wall-frame systems have a lower degree 

of redundancy. Unlike in frames, plastic hinges are not expected to form at every node 

in the walls. In shear walls, plastic hinges typically form at the base of the wall, which 

corresponds to the floor of the rigid basement level, and at floors where the cross-

section of the wall changes significantly. Shear wall-frame systems are among the 

most commonly used structural systems in conventional reinforced concrete design. 

Figure 2.13 schematically illustrates the potential plastic hinge locations in a shear 

wall-frame system. 
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Figure 2.13: Expected plastic hinge locations for RC Wall- Frame System [2].   

 

Shear wall systems are defined as buildings in which all seismic loads are resisted 

solely by shear walls, whether with or without openings. Compared to the other two 

systems, shear wall systems have the highest structural stiffness. In such systems, walls 

are often connected by beams, although it is also possible to design systems like tunnel 

form structures that include no beams at all. In these systems, columns are considered 

elements that carry only vertical loads, and their contribution to the overall stiffness of 

the system is minimal. While shear wall systems offer high lateral stiffness, they also 

have the lowest degree of redundancy. Figure 2.14 schematically illustrates the 

potential plastic hinge locations in a shear wall system.  
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Figure 2.14: Expected plastic hinge locations for RC shear wall system [2]. 

 

2.5. Ductile and Brittle Failure Modes in RC 

When a structural element is subjected to loading beyond the design expectations and 

reaches collapse not through sudden failure but by undergoing significant plastic 

deformation without a major loss in strength, this type of collapse is defined as ductile 

failure. Ductile failure is the desired mode of collapse in structural systems, as it 

possesses a high energy dissipation capacity under cyclic loading, such as that caused 

by earthquakes. Flexural failure is an example of ductile behavior. In the design 

process, it is expected that elements such as columns, beams, and shear walls exhibit 

classic flexural behavior leading to ductile failure. This type of failure is critically 

important for achieving the intended performance objectives of a structure.  

Brittle failure refers to the sudden collapse of a structural element without prior 

warning when subjected to a load exceeding the design capacity. In reinforced concrete 

elements, failure modes such as shear, buckling, and punching are classified as brittle 

failures. Since this type of failure cannot dissipate energy under cyclic loading, it is 
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avoided in structural design. Nearly all modern seismic codes take precautions against 

such failure modes by introducing additional safety factors to reduce the likelihood of 

brittle failure.  

2.6. Definitions of Stiffness, Ductility and Strength  

Stiffness refers to the resistance of an element against deformation. In other words, 

stiffness is defined as the force required to produce a unit deformation in an element. 

Figure 2.15 shows a visual representation of the load–displacement relationship for a 

simple cantilever column under lateral loading. Equation 2.9 describes the stiffness 

formula for the same column under lateral displacement. 

 

 

Figure 2.15: Sample column figure for rigidity definition [2]. 

 

                                                           𝑘 =
𝐹

𝛥
                                                             (2.10) 

     

Ductility, in its most general definition, is the ability of a material to undergo 

deformation beyond the elastic limit without losing its strength. The higher the ratio 

of a material's ultimate strain to its yield strain, the more ductile the material is 

considered to be. Figure 2.16 presents a graphical representation of ductility for a steel 

material exhibiting ideal elastoplastic behavior. Equation 2.10 provides the 

corresponding ductility formula for this material.  
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Figure 2.16: Sample stress and unit deformation graph figure for steel material [2]. 

 

                                    𝜇 =
ԑ𝑢

ԑ𝑦
                                                              (2.11)       

Strength refers to the ultimate load-carrying capacity of a structural element under 

effects such as bending moment, torsional moment, axial force, and shear force. 

All modern seismic design codes require a structure to have adequate strength, 

adequate stiffness, and adequate ductility. The absence of one or more of these three 

key characteristics means that the structure may not be able to achieve the expected 

performance under earthquake loading.  

2.7. Torsional Irregularity Coefficient ηbi 

According to the 2018 Turkish Building Earthquake Code (TBEC), the torsional 

irregularity coefficient is defined as the ratio of the maximum inter-story drift to the 

average inter-story drift on any given story for both earthquake directions [2]. This 

coefficient is denoted by the symbol ηbi and is expressed by equations 2.11 and 2.12. 

TBEC 2018 does not impose restrictions for buildings that exhibit this type of 

irregularity. However, if this value exceeds 2, it affects the determination of the 

earthquake analysis method. ASCE 7-22 uses the same calculation as TBEC 2018 for 

the torsional irregularity coefficient, but defines buildings with a coefficient greater 

than 1.4 as having "extreme torsional irregularity" and sets limits for seismic design 

categories for such buildings. For further details on torsional irregularity, ASCE 7-22 

refers to FEMA P-2012. The torsional irregularity table from this standard is shown in 

the Figure 2.17 and Table 2.2 [4]. 
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Figure 2.17: Torsinal irregularity for a story [4]. 

 

                                   𝛥𝑖(𝑎𝑣𝑒. ) =
𝛥𝑖(𝑚𝑎𝑥) + 𝛥𝑖(𝑚𝑖𝑛)

2
                        (2.12) 

                        ηbi =
𝛥𝑖(𝑚𝑎𝑥)

𝛥𝑖(𝑎𝑣𝑒. )
˃1.2                                   (2.13) 

 

Table 2.2: Torsion coefficient limits ASCE 7-22 [4]. 
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2.8. Energy Based Design 

Earthquakes introduce an energy input into structures. According to the law of 

conservation of energy, this input energy must be dissipated through specific 

mechanisms within the structural system. Accurately identifying how and through 

which mechanisms the earthquake energy is dissipated within the structure plays a 

crucial role in understanding the global structural behavior under cyclic loading.  

When dividing the energy input, it can be categorized into two types: recoverable 

energy and non-recoverable energy. Recoverable energy consists of two components: 

elastic energy and kinetic energy. Non-recoverable energy, on the other hand, includes 

damping energy and inelastic energy. 

Below is the equilibrium equation formulated for energy-based design. The terms in 

the equation represent, respectively: time-dependent input energy (EI), elastic strain 

energy (EE), kinetic energy (EK), hysteretic energy due to nonlinear behavior (EH) 

and damping energy (ED) [21].  

 

         EI(t) = EE(t)  + EK(t)  + EH(t)  + ED(t)                               (2.14) 
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3. METHODOLOGY 

3.1. Flow Chart 

Within the scope of this thesis, three different buildings were analyzed using the 

Nonlinear Time History Analysis (NLTHA) method. The first structure is a system in 

which earthquake loads are resisted solely by high-ductility moment frames. The 

second structure combines high-ductility shear walls and high-ductility moment 

frames. The third structure also consists of high-ductility shear walls and frames, but 

incorporates torsional irregularity. Using nonlinear time history analysis, the global 

behavior of these three buildings—such as inter-story drift, roof displacement, and 

base shear force—was evaluated. Additionally, the deformation demands 

corresponding to ductile design and the strength demands corresponding to brittle 

behavior of the structural elements were checked to determine whether they exceed 

the permissible limits specified in TBEC 2018. The same cross-sections and 

reinforcement layouts were used for all frame elements across the selected structural 

systems. All reinforcement arrangements were chosen in accordance with the detailing 

requirements for high-ductility shear walls, columns, and beams as defined in TBEC 

2018 [2]. For the alternatives that include shear walls, the reinforcement layout of the 

walls and coupling beams was kept identical, with the coupling beams designed 

according to high-ductility beam criteria. Figure 3.1 shows flow chart within the scope 

of this thesis. 
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Figure 3.1: Estimated cases of flow chart utilizing NLTHA. 

 

3.2. Selection of Earthquake Records 

The selection and scaling of earthquake records for Nonlinear Time History Analysis 

(NLTHA) is a specialized area that requires expert knowledge. Within the scope of 

this thesis, earthquake data from the February 6, 2023 earthquake with a magnitude of 

7.8, which occurred in the Pazarcık district of Kahramanmaraş Province, was used. 

The records obtained from the AFAD Gaziantep Islahiye station were utilized, and the 

earthquake data were evaluated for structural types assumed to be located at this 

station, with a local site class of ZC [8]. 
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3.3. Evaluation Method of Analysis Results 

Within the scope of this thesis, all three buildings were analyzed using the Nonlinear 

Time History Analysis Method in accordance with the 2018 Turkish Building 

Earthquake Code (TBEC), based on the earthquake records from the February 6, 2023 

Kahramanmaraş Pazarcık earthquake [2]. Based on the analysis results, the following 

parameters related to the global behavior of the structural systems were evaluated.  

• Base shear 

• Joint displacement 

• Column fiber hinge results 

• Beam plastic hinge results 

• Interstory Drift 

• Shear wall fiber hinge results  

• Shear wall shear force results 

Similarly, for the structural elements of these three building types, the deformation 

demands corresponding to ductile behavior and the results related to brittle behavior 

were also evaluated. The evaluation criteria for structural elements are listed below.  

• Column fiber hinge results (Ductile Behaviour) 

• Beam plastic hinge results (Ductile Behaviour) 

• Shear wall fiber hinge results (Ductile Behaviour) 

• Shear wall shear force results (Brittle Behaviour) 

The energy demand parameters listed below will be examined within the scope of the 

thesis: 

• Energy compenents 

• Energy compenents for groups 
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4. CASE STUDY OF NUMERICAL ANALYSIS 

4.1. Input of Numerical Analysis 

4.1.1. Analysis Models 

The three different buildings assumed to be designed in accordance with TBEC 2018 

each have six stories with a story height of 3 meters. Within each building, the typical 

floor plans are identical. The plan geometry, bay widths, and dimensions of columns 

and beams are the same across all three buildings. The only difference lies in the 

arrangement of the vertical load-bearing elements. The systems are named based on 

how they resist seismic loads, as listed below.  

• Moment Frame System → Building A 

• Wall- Frame System  ( Regular) → Building B 

• Wall- Frame System  ( Irregular) → Building C 

The plan, section and 3D of Building A is shown Figure 4.1, Figure 4.2 and Figure 

4.3. 

 

 

Figure 4.1: Building A ETABS typical story plan.  
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Figure 4.2: Building A ETABS building section. 

 

 

Figure 4.3: Building A ETABS model view. 
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The plan, section and 3D of Building B is shown Figure 4.4, Figure 4.5 and Figure 

4.6. 

 

 

Figure 4.4: Building B ETABS typical story plan. 

 

 

Figure 4.5: Building B ETABS building section. 
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Figure 4.6: Building B ETABS model view. 

 

The plan, section and 3D of Building C is shown Figure 4.1, Figure 4.2 and Figure 

4.3. 

 

 

Figure 4.7: Building C ETABS typical story plan. 
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Figure 4.8: Building C ETABS building section. 

 

 

Figure 4.9: Building C ETABS model view. 
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The information regarding the structural elements and materials of the buildings is 

provided below.  

• Concrete class → C30 

• Rebar class → S420 

• Columns dimension → 65x65 (cm) 

• Columns longitudinal rebar → 16Ø20 

• Columns confinement rebar → Ø12/10- 4 number 

• Beams dimension → 40x60 (cm) 

• Beams longitudinal rebar → 4Ø20 (top rebar)- 4Ø20 ( bottom rebar) 

• Beams confinement rebar → Ø12/10- 2 ties 

• Slabs thickness → 17 cm 

• Wall thickness→ 30 (cm) 

• Wall dimentions → 30x210 (cm)- 30x600 (cm) 

• Wall end zone confinement bar → Ø10/10- 2 ties 

• Wall end zone longidutional bar → Ø16/12.5 

• Wall web zone longidutional bar → Ø12/20 

• Wall web zone transverse bar → Ø12/15 

Figure 4.10 and Figure 4.11 show column and beam section information used in the 

analysis models.  

 

 

Figure 4.10: Column section informations.  
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Figure 4.11: Beam section informations. 

 

A 3D mathematical model was created for the entire building in accordance with the 

2018 Turkish Building Earthquake Code (TBEC). Columns and beams were modeled 

as frame (bar) elements, while shear walls and slabs were modeled as shell elements. 

For the shear walls, only the flexural behavior in the stiff direction was considered. 

Semi-rigid diaphragm behavior was assumed for the floor slabs.  

4.1.2. Seismic Design Parameters 

For all three buildings in which nonlinear behavior is to be investigated, the analysis 

parameters obtained in accordance with TBEC 2018 are illustrated below using figures 

taken from the same code. The local soil class is assumed to be ZC (Table 4.1).  

 

Table 4.1: Soil class [2]. 
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According to purpose of use the building building use class is 3 and building 

importance coefficient is 1 (Table 4.2). Also live load mass participating coefficient 

is 0.3 (Table 4.3). Effective section stiffness factor were used according to Table 4.4. 

 

Table 4.2: Building use class and importance factor [2]. 

 

 

Table 4.3: Live load mass participation coefficient [2]. 

 

 

Table 4.4: Effective section stiffness factors for RC [2]. 
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4.1.3. Earthquake Records  

For the earthquake record, data from the February 6, 2023 Pazarcık Earthquake was 

obtained from AFAD’s station number TK-2718. The acceleration-time graphs from 

both earthquake directions were used as the basis for the nonlinear time history 

analysis. The buildings are assumed to be located at the same coordinates as this 

station. Details of station and earthquake are shown Figure 4.12, Table 4.5 and Table 

4.6. 

 

 

Figure 4.12: Location of TK-2718. 

 

Table 4.5: Details about building location. 

 

 

Table 4.6: Earthqake records details. 
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Considering the local soil class parameters at the corresponding station, the 

acceleration-time history of the earthquake was obtained using the SeismoMatch 

software as shown Figure 4.13 and Figure 4.14. 

 

 

Figure 4.13: TK-2718 EW direction acceleration time. 

 

 

 

Figure 4.14: TK-2718 NS direction acceleration time. 

 

Using the same software, when the acceleration-time history is superimposed with the 

elastic design acceleration spectrum, the resulting visuals for each direction are 

obtained separately as shown Figure 4.15, Figure 4.16 and Figure 4.17.  

 

 
 

Figure 4.15: TK-2718 NS elastic design spectrum superposition. 
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Figure 4.16: TK-2718 EW elastic design spectrum superposition. 

 

 

Figure 4.17: TK-2718 all directions elastic design spectrum superposition. 

 

4.1.4. Beam Plastic Hinge Properties  

As stated in Chapter 3, the nonlinear behavior of beams was modeled using the lumped 

plasticity approach. For this purpose, plastic hinges were defined at the ends of beams 

where plastic rotation is likely to occur. These plastic hinges represent the regions 

where earthquake energy will be dissipated within the beams. The software XTRACT 

was used for this modeling. Since the reinforcement areas on the top and bottom faces 

of the beams are not the same, the plastic behavior of the same cross-section will differ 

under cyclic loading. Therefore, two separate moment-curvature analyses must be 

performed for each beam section—one for the positive direction (Figure 4.18) and one 

for the negative direction (Figure 4.19).  
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Figure 4.18: XTract moment curvature analysis  for positive direction.  
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Figure 4.19: XTract moment curvature analysis  for negative direction. 

 

Based on the data obtained from the moment-curvature analysis, the properties of the 

regions at the beam ends that are expected to exhibit plastic behavior were input into 

the ETABS software as shown Figure 4.20. 
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Figure 4.20: M3 hinge definition for beam. 

 

4.1.5. Column Fiber Hinges Definitions 

As stated in Chapter 3, the nonlinear behavior of columns was modeled using the 

distributed plasticity approach. For this purpose, the column cross-section was divided 

into fiber elements, including confined and unconfined concrete regions, as well as 

reinforcement bars, which are modeled as fibers capable of only axial elongation or 

shortening. Each reinforcement bar is represented by a fiber element, while the 

concrete is modeled using fiber elements with defined areas. The nonlinear behavior 

of the cross-section is governed by the stress–strain relationships of the materials 

assigned to these fibers. These fiber properties are automatically generated at the 

column ends within the ETABS software (Figure 4.22). Since the columns are 

subjected to biaxial bending, both bending moments in two directions and the axial 

force are considered in the distributed plasticity model. Therefore, the definition is 

made in the form of a P-M3-M2 interaction.  
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Figure 4.21: Column cross section rebar details.    

 

 

Figure 4.22: Fiber hinge definiton for column. 
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4.1.6. Shear Wall Fiber Hinges Definitions 

Shear walls were defined using the fiber section model. For each pier of the shear 

walls, a P-M3 fiber section model was defined (Figure 4.24 and Figure 4.25). No 

definition was made for the minor directions of the walls. Detail example is shown 

Figure 4.26. 

 

 

Figure 4.23: Shear wall members.   

 

 

Figure 4.24: P1-P2-P3-P4 Fiber hinge definition for shear wall. 
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Figure 4.25: P1-P2-P3-P4 Fiber hinge definiton for shear wall. 

 

 

Figure 4.26: Shear wall cross section rebar details.  
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4.1.7. Mass Properties  

The building masses used as the basis for the nonlinear analysis are presented Table 

4.7. 

Table 4.7: Mass information of bıildings. 

 

 

4.2. Output of Numerical Analysis 

4.2.1. Modal Analysis Results 

For the buildings, a modal analysis was first conducted to determine their modal 

behavior characteristics. The modal analysis results used as the basis for the seismic 

analysis are presented Table 4.8. 

 

Table 4.8: Modal participating mass ratios of buildings. 
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4.2.2. Pushover Curves  

To initially understand the global behavior of these structures, pushover curves were 

obtained for all three buildings using the conventional single-mode pushover analysis 

method. In these analyses, all buildings were pushed to a target displacement of 250 

mm, and the corresponding pushover curves were generated. The base shear forces 

that developed in the buildings at the same target displacement are shown in the 

graphical visuals Figure 4.27 and Figure 4.28. According to these visuals, the most 

flexible system is Building A, which was designed as a frame system. The most rigid 

system is Building B, which has a shear wall-frame system with walls placed 

symmetrically at the center of the structure. Building C, which also has a shear wall-

frame system but includes torsional irregularity, exhibits a base shear force that falls 

between the other two systems.  

 

 

 

Figure 4.27: X direction pushover curves for all buildings. 
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Figure 4.28: Y direction pushover curves for all buildings. 

 

4.2.3. Story Force, Story Drift and Peak Displacement Results  

According to the Nonlinear Time History Analysis results, the story forces (Figure 

4.29 and Figure 4.30), interstory drift values (Figure 4.31 and Figure 4.32) and roof 

center of mass displacements (Figure 4.33 and Figure 4.34) are presented in the 

below. 

 

 

Figure 4.29: Cumulative story forces results (Direction X). 
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Figure 4.30: Cumulative story forces results  (Direction Y). 

 

 

Figure 4.31: Interstory drift ratio results (Direction X). 
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Figure 4.32: Interstory drift ratio results (Direction Y). 

 

 

Figure 4.33: Story 6 center of mass displacement results (Direction X). 
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Figure 4.34: Story 6 center of mass displacement results (Direction Y). 
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4.2.4. Building A Beam Plastic Rotation  Results  

According to the 2018 Turkish Building Earthquake Code (TBEC), the plastic rotation 

formula for beams under the collapse prevention performance level is given below. 

Also Figure 4.35 shows label of beams for Building A. 

𝜃𝑝 (𝐶𝑃) =
2

3
∗ [(𝛷𝑢 − 𝛷𝑦) ∗ 𝐿𝑝 ∗ (1 − 0.5 ∗

𝐿𝑝

𝐿𝑠
) + 4.5 ∗ 𝛷𝑢 ∗ 𝑑𝑏]          (4.1)  

𝜃𝑝 (𝐿𝑆) = 0.75 ∗  𝜃𝑝 (𝐶𝑃)                                            (4.2) 

𝜃𝑝 (𝐼𝑂) = 0                                                   (4.3) 

 

 

Figure 4.35: Building A Beam Labels. 

 

The table in Appendix-A lists the damage states corresponding to ductile behavior 

for beams on a single floor. 
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4.2.5. Building B Beam Plastic Rotation  Results  

According to the 2018 Turkish Building Earthquake Code (TBEC), the plastic rotation 

formula for beams under the collapse prevention performance level is given below. 

Also Figure 4.36 shows label of beams for Building B. 

𝜃𝑝 (𝐶𝑃) =
2

3
∗ [(𝛷𝑢 − 𝛷𝑦) ∗ 𝐿𝑝 ∗ (1 − 0.5 ∗

𝐿𝑝

𝐿𝑠
) + 4.5 ∗ 𝛷𝑢 ∗ 𝑑𝑏]       (4.1) 

𝜃𝑝 (𝐿𝑆) = 0.75 ∗  𝜃𝑝 (𝐶𝑃)                                      (4.2) 

𝜃𝑝 (𝐼𝑂) = 0                                           (4.3) 

 

 

Figure 4.36: Building B Beam Labels. 

 

The table in Appendix-B lists the damage states corresponding to ductile behavior 

for beams on a single floor. 
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4.2.6. Building C Beam Plastic Rotation  Results  

According to the 2018 Turkish Building Earthquake Code (TBEC), the plastic rotation 

formula for beams under the collapse prevention performance level is given below. 

Also Figure 4.37 shows label of beams for Building C. 

𝜃𝑝 (𝐶𝑃) =
2

3
∗ [(𝛷𝑢 − 𝛷𝑦) ∗ 𝐿𝑝 ∗ (1 − 0.5 ∗

𝐿𝑝

𝐿𝑠
) + 4.5 ∗ 𝛷𝑢 ∗ 𝑑𝑏]         (4.1) 

𝜃𝑝 (𝐿𝑆) = 0.75 ∗  𝜃𝑝 (𝐶𝑃)                                             (4.2) 

𝜃𝑝 (𝐼𝑂) = 0                                                  (4.3) 

 

 

Figure 4.37: Building C Beam Labels. 

 

The table in Appendix-C lists the damage states corresponding to ductile behavior 

for beams on a single floor. 
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4.2.7. Summary Table for Beam Ductile Behaviour Results 

Based on all analyses, the Figure 4.38 presents the damage levels observed in the 

beams for each of the three building types. 

 

 

Figure 4.38: Summary graph figure for damage levels for beams. 

 

4.2.8. Column Fiber Strain Results  

According to the 2018 Turkish Building Earthquake Code (TBEC), the strain limits 

and corresponding damage states for concrete and reinforcement fibers are given 

below. For columns, beams, and shear walls with rectangular cross-sections, the 

collapse strain limit is defined by the formula shown below.  

ԑ𝑐(𝐶𝑃) = 0.0035 + 0.04√𝑤𝑤𝑒                                   (4.4) 

ԑ𝑐(𝐿𝑆) = 0.75 ∗ ԑ𝑐(𝐶𝑃)                                           (4.5) 

ԑ𝑐(𝐼𝑂) = 0.0025                                                 (4.6) 

The strain limits for reinforcement steel are also defined by the formula given below. 

ԑ𝑠(𝐶𝑃) = 0.4ԑ𝑠𝑢                                                (4.7) 

ԑ𝑠(𝐿𝑆) = 0.75ԑ𝑠 (𝐶𝑃)                                          (4.8) 
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ԑ𝑠(𝐼𝑂) = 0.0075                                               (4.9) 

According to these limit values, the damage state table for Building A, Building B and 

Building C is presented in Apendix-A, Apendix-B amd Appendix-C. 

4.2.9. Summary  Graph for Column Ductile Behaviour 

Based on all analyses, the Figure 4.39 presents the damage levels observed in the 

columns for each of the three building types. 

 

 

Figure 4.39: Summary graph figure for damage levels for columns. 
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4.2.10. Building B Shear Wall Fiber Strain Results  

Based on all analyses, the strain values and corresponding damage states in the 

concrete and reinforcement fibers of the shear walls in Building B are presented in the 

Table 4.9. 

 

Table 4.9: Fiber strain results for Building B. 
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4.2.11. Building C Shear Wall Fiber Strain Results  

Based on all analyses, the strain values and corresponding damage states in the 

concrete and reinforcement fibers of the shear walls in Building C are presented in the 

Table 4.10. 

 

Table 4.10: Fiber strain results for Building C. 
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4.2.12. Building A Beam Shear Force Check  

For brittle failure evaluation, shear force demands were compared with shear strength 

capacities. As an example, the shear strength calculation for beam B48 located on 

Story 1 (Figure 4.40) is detailed below. 

 

 

Figure 4.40: Story 1 B48 beam.  

 

𝑉𝑒 ≤ 𝑉𝑟                                              (4.10) 

𝑉𝑒 ≤ 0.85 ∗ 𝑏𝑤 ∗ 𝑑 ∗ √𝑓𝑐𝑘                                 (4.11) 

𝑏𝑤 = 400 𝑚𝑚;  𝑑 = 570 𝑚𝑚 ;  𝑓𝑐𝑘 = 30 𝑀𝑝𝑎 

0.85 ∗ 400 ∗ 570 ∗ √30 = 1061.48 𝑘𝑁 

𝑉𝑒 = 582.07 𝑘𝑁 ≤ 1061.48 𝑘𝑁   ( 𝑂𝐾) 

𝑉𝑐𝑟 = 0.65 ∗ 𝑓𝑐𝑡𝑑 ∗ 𝑏𝑤 ∗ 𝑑 ∗ (1 + 𝛾 ∗
𝑁𝑑

𝐴𝑐
)                          (4.12) 

𝑓𝑐𝑡𝑑 = 1.28 𝑀𝑝𝑎;  𝑁𝑑 = 0;  
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𝑁𝑑 = 0 

𝐴𝑐 = 𝑏𝑤 ∗ ℎ                                                      (4.13) 

𝑏𝑤 = 400 𝑚𝑚; ℎ = 600 𝑚𝑚 

𝐴𝑐 = 400 ∗ 600 = 240000 𝑚𝑚2 

𝑉𝑐𝑟 = 0.65 ∗ 1.28 ∗ 400 ∗ 570 ∗ (1 + 0) = 189.69 𝑘𝑁 

𝑉𝑤 =
𝐴𝑠𝑤

𝑠
∗ 𝑓𝑦𝑤𝑑 ∗ 𝑑                                           (4.14) 

𝐴𝑠𝑤 = 2 ∗ 113.04 = 226.08 𝑚𝑚2 

𝑠 = 100 𝑚𝑚; 𝑓𝑦𝑤𝑑 = 365 𝑀𝑝𝑎 

𝑉𝑤 =
226.08

100
∗ 365 ∗ 570 = 470.36 𝑘𝑁 

𝑉𝑟 = 𝑉𝑐 + 𝑉𝑤                                                    (4.15) 

𝑉𝑐 = 0.8 𝑉𝑐𝑟 

𝑉𝑐 = 0.8 ∗ 189.69 𝑘𝑁 = 151.752 𝑘𝑁 

𝑉𝑟 = 151.752 + 470.36 = 622.11 𝑘𝑁 

𝑉𝑟 = 622.11 𝑘𝑁  ; 𝑉𝑒 = 582.07 𝑘𝑁 

𝑉𝑟 ˃ 𝑉𝑒 → 𝑂𝐾    

The Table 4.11 presents the shear force checks corresponding to brittle failure for the 

beams located on the first story only.  
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Table 4.11: Beam Shear force check for Building A. 
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4.2.13. Building B Beam Shear Force Check  

According to the example shear force calculation performed for Building A, the 

maximum shear force acting on a beam element in this building is 475.23 kN in 

absolute value. Since all the beams in this building share the same material and cross-

sectional properties as those in Building A, the shear forces in all beam elements 

remain within the limits specified by TBEC 2018. Therefore, all beam elements in this 

block are deemed adequate in terms of shear strength.  

4.2.14. Building C Column Shear Force Check  

According to the example shear force calculation performed for Building A, the 

maximum shear force acting on a column element in this building is 557.03 kN in 

absolute value. Since all columns in this building have the same material and cross-

sectional properties as those in Building A, the shear forces in all column elements 

remain within the limits specified by TBEC 2018. Therefore, all column elements in 

this block are deemed adequate in terms of shear strength..  

4.2.15. Building A Column Shear Force Check  

For the evaluation of brittle failure, shear force demands were compared with shear 

strength capacities. As an example, the shear strength calculation for column C4 

located on Story 2 (Figure 4.41) is detailed below.  

 

 

Figure 4.41: Story 2 C4 column. 
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𝑉𝑒 ≤ 𝑉𝑟                                                       (4.10) 

𝑉𝑒 ≤ 0.85 ∗ 𝑏𝑤 ∗ 𝑑 ∗ √𝑓𝑐𝑘                                        (4.11) 

𝐴𝑤 ≤ 𝑏𝑤 ∗ 𝑑 

𝑏𝑤 = 650 𝑚𝑚;  𝑑 = 625 𝑚𝑚 ;  𝑓𝑐𝑘 = 30 𝑀𝑝𝑎 

0.85 ∗ 650 ∗ 625 ∗ √30 = 1891.35 𝑘𝑁 

𝑉𝑒 = 850.22 𝑘𝑁 ≤ 1891.35 𝑘𝑁   ( 𝑂𝐾) 

𝑉𝑐𝑟 = 0.65 ∗ 𝑓𝑐𝑡𝑑 ∗ 𝑏𝑤 ∗ 𝑑 ∗ (1 + 𝛾 ∗
𝑁𝑑

𝐴𝑐
)                          (4.12) 

𝑓𝑐𝑡𝑑 = 1.28 𝑀𝑝𝑎;  𝑁𝑑 = 0;  

𝑁𝑑 = 2355.83 𝑘𝑁 

𝐴𝑐 = 𝑏𝑤 ∗ ℎ                                                     (4.13) 

𝑏𝑤 = 650 𝑚𝑚; ℎ = 625 𝑚𝑚 

𝐴𝑐 = 650 ∗ 625 = 406250 𝑚𝑚2 

𝑉𝑐𝑟 = 0.65 ∗ 1.28 ∗ 650 ∗ 625 ∗ (1 + 0.07 ∗
2355830

406250
) = 338.14 𝑘𝑁 

𝑉𝑤 =
𝐴𝑠𝑤

𝑠
∗ 𝑓𝑦𝑤𝑑 ∗ 𝑑 

𝐴𝑠𝑤 = 4 ∗ 113.04 = 452.16 𝑚𝑚2 

𝑠 = 100 𝑚𝑚; 𝑓𝑦𝑤𝑑 = 365 𝑀𝑝𝑎 

𝑉𝑤 =
452.16

100
∗ 365 ∗ 625 = 1031.49 𝑘𝑁 

𝑉𝑟 = 𝑉𝑐 + 𝑉𝑤 

𝑉𝑐 = 0.8 𝑉𝑐𝑟 

𝑉𝑐 = 0.8 ∗ 338.14 𝑘𝑁 = 270.51 𝑘𝑁 

𝑉𝑟 = 270.51 + 1031.49 = 1302 𝑘𝑁 

𝑉𝑟 = 1302 𝑘𝑁  ; 𝑉𝑒 = 850.22 𝑘𝑁 

𝑉𝑟 ˃ 𝑉𝑒 → 𝑂𝐾    

The Table 4.12 presents the shear force checks corresponding to brittle failure for the 

columns located on the first story only.  
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Table 4.12: Column shear force check for Building A. 

 

 

4.2.16. Building B & Building C Shear Wall Shear Force Check  

For the evaluation of brittle failure, shear force demands were compared with shear 

strength capacities. As an example, the shear strength calculation for wall V22, labeled 

as P02 on Story 1 (Figure 4.42), is detailed below.  

 

 

Figure 4.42: Story 1 P02 shear wall. 
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𝑉𝑒 ≤ 𝑉𝑟 

𝑉𝑒 ≤ 0.85 ∗ 𝐴𝑐ℎ ∗ √𝑓𝑐𝑘 

𝐴𝑐ℎ ≤ 𝑏𝑤 ∗ ℎ 

𝑏𝑤 = 300 𝑚𝑚;  ℎ = 2100 𝑚𝑚 ;  𝑓𝑐𝑘 = 30 𝑀𝑝𝑎 

0.85 ∗ 300 ∗ 2100 ∗ √30 = 2933.05 𝑘𝑁 

𝑉𝑒 = 4032.88 𝑘𝑁 ≥ 2933.05 𝑘𝑁   ( 𝑛𝑜𝑡 𝑜𝑘) 

 

 

Figure 4.43: Story 1 P02 beam. 

 

𝑉𝑒 ≤ 𝑉𝑟 

𝑉𝑒 ≤ 0.85 ∗ 𝐴𝑐ℎ ∗ √𝑓𝑐𝑘 

𝐴𝑐ℎ ≤ 𝑏𝑤 ∗ ℎ 

𝑏𝑤 = 300 𝑚𝑚;  ℎ = 2100 𝑚𝑚 ;  𝑓𝑐𝑘 = 30 𝑀𝑝𝑎 

0.85 ∗ 300 ∗ 2100 ∗ √30 = 2933.05 𝑘𝑁 
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𝑉𝑒 = 4726.12 𝑘𝑁 ≥ 2933.05 𝑘𝑁   ( 𝑛𝑜𝑡 𝑜𝑘) 

The Table 4.13 presents the shear force checks corresponding to brittle failure for the 

shear walls.  

 

Table 4.13: Shear wall shear force check for Building B and C. 
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4.2.17. Energy Calculations Result 

The energy outputs from the analyses conducted for different building types are 

examined in this section. Figure 4.44, Figure 4.45 and Figure 4.46 shows total 

energy components results. 

 

 

Figure 4.44: Building A cumulative energy components results. 

 

 

 

Figure 4.45: Building B cumulative energy components results. 
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Figure 4.46: Building C cumulative energy components results. 

 

Figure 4.47, Figure 4.48 and Figure 4.49 shows hysteretic damping energy for group 

members. 

 

 

 

Figure 4.47: Hysteretic damping energy values for group members. 
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Figure 4.48: Hysteretic damping energy values for columns. 

 

 

 

Figure 4.49: Hysteretic damping energy values for beams. 
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5. CONCLUSION 

Within the scope of this thesis, three buildings representing three different structural 

systems were analyzed using the Nonlinear Time History Analysis method in 

accordance with the 2018 Turkish Building Earthquake Code (TBEC). The first 

structure is a reinforced concrete frame system without torsional irregularity. This 

structure is referred to as Building A in this study. The second structure is a shear wall-

frame system without torsional irregularity. The third structure is also a shear wall-

frame system; however, it includes torsional irregularity. These two structures are 

referred to as Building B and Building C. For the analyses, earthquake records from 

the magnitude 7.8 earthquake that occurred on February 6, 2023 in the Pazarcık district 

of Kahramanmaraş Province were used. For all three buildings, data from the AFAD 

station TK-2718 located in the Islahiye district of Gaziantep Province were utilized. It 

was assumed that all three buildings are located at the coordinates of the recording 

station, with a local soil class of ZC, and the earthquake records were used without 

scaling. 

As required by all modern seismic codes, a structural system must possess adequate 

strength, stiffness, and ductility. If a structure fails to meet one or more of these criteria, 

it may not achieve the intended performance level for its structural elements or the 

system as a whole when subjected to a strong earthquake. This can increase the 

likelihood of damage and may even lead to total structural collapse. To prevent such 

outcomes, both the structure and its components must be designed to ensure adequate 

strength, stiffness, and ductility. 

Building A, which consists of high-ductility frames where all seismic loads are resisted 

by frames only and without any shear walls, has lower lateral stiffness compared to 

the other buildings. As a result, this structure is expected to experience greater 

displacements, and the plastic deformation zones of its seismic load-resisting elements 

will undergo more inelastic deformations than those in other systems. This indicates a 

higher ductility demand for this system. However, due to its higher degree of 

redundancy compared to the other systems, the number of points at which earthquake 

energy can be dissipated is also greater. If designed to avoid second-order effects and 

to prevent brittle failure in structural elements, such systems can be defined as the most 
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effective conventional reinforced concrete systems for dissipating seismic energy. In 

this thesis study, no second-order effects were observed in Building A, and no brittle 

failure was allowed in its structural elements. Therefore, Building A is considered to 

have adequate strength, stiffness, and ductility under nonlinear analysis in accordance 

with TBEC 2018. 

Building B, in which all seismic loads are resisted by high-ductility shear walls in 

combination with high-ductility frames, features a symmetrical wall layout in both 

principal directions. Since this structure includes shear walls, it possesses high lateral 

stiffness. Therefore, it undergoes smaller displacements compared to the other 

structures, and the inelastic deformation in the plastic hinge zones of its seismic load-

resisting frame elements is minimized. For the wall elements, the strain values 

corresponding to ductile behavior remain below the limits defined in TBEC 2018. 

Thus, the ductility demand of this system is lower than that of Building A. However, 

due to the high stiffness contribution of the walls relative to the overall story stiffness, 

most of the story shear forces are resisted by the walls. According to the analysis 

results, shear forces in the first-story walls exceed the allowable limits defined by the 

code. This means that although no second-order effects occur and strain demands 

remain within acceptable ductile behavior limits, the force demands corresponding to 

brittle behavior exceed the allowable thresholds. The takeaway from this finding is 

that, when designing such systems, the added elements (e.g., walls) must have 

adequate strength. Therefore, Building B, under nonlinear analysis in accordance with 

TBEC 2018, does not have adequate strength, although it does have sufficient stiffness 

and ductility.  

Building C, in which all seismic loads are resisted by high-ductility shear walls in 

combination with high-ductility frames, is characterized by torsional irregularity. 

Although this structure includes shear walls and therefore exhibits high lateral 

stiffness, due to the torsional irregularity, the system is subjected to both translational 

and rotational displacements. As a result, higher lateral displacements are expected to 

occur at the corner points of the building façade where there are no shear walls, 

compared to Building B. Compared to Building A, this structure undergoes less lateral 

displacement. The amount of inelastic deformation in the plastic hinge regions of the 

frame elements that transfer seismic loads remains at a level between the other two 

alternatives. For the wall elements, the strain values of the concrete and reinforcement 
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fibers corresponding to ductile behavior remain below the limits specified in TBDY 

2018. The ductility demand of this system is lower than that of Building A. However, 

since the stiffness of the walls constitutes a very high proportion of the story stiffness, 

a large portion of the story shear forces is resisted by the walls. Due to the presence of 

torsional irregularity in the system, plastic deformation values in the frame elements 

distant from the walls are close to those in Building A, whereas in frames near the 

walls, the opposite is observed. Although second-order effects do not occur in Building 

C, and the deformation limits corresponding to ductile behavior are not exceeded, the 

strength limits corresponding to brittle behavior are exceeded. This highlights the 

necessity of ensuring that the structural elements added to such systems possess 

adequate strength. Therefore, under nonlinear analysis based on TBDY 2018 

provisions, Building C does not have sufficient strength, although it does possess 

adequate stiffness and ductility. 

At the end of the study, the energy dissipation values of the structures were examined. 

Although energy-based design is not currently used in practice, it can be a useful tool 

for evaluating the global behavior and the extent to which structural elements have 

entered the inelastic region. The analysis results showed that Building A had the 

highest hysteretic damping value. Additionally, it was observed that Building C had a 

higher hysteretic damping value than Building B. 

As a result of this study, it is clear that the simplicity and clarity of the selected 

structural system in any building significantly contribute to the structural behavior 

aligning with the expectations defined by design codes. A structural system layout that 

disrupts stiffness balance or causes additional internal forces in structural members 

due to torsional effects requires accurate determination of the strength demands 

associated with brittle failure modes. Otherwise, despite establishing a structurally 

stiffer system, elements with insufficient strength may be incorporated, leading to an 

overall inadequate structural capacity. In project development phases, care must be 

taken to avoid placing shear walls that lack adequate strength solely to conform to 

architectural layouts or that may induce undesirable torsional behavior in the system. 

Furthermore, since TBDY 2018 does not define an upper limit for torsional 

irregularity, special attention must be given to the placement and design of structural 

system elements in buildings with torsional irregularities. 
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